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ABSTRACT

The skin of an aircraft can vibrate as a result of pressure waves caused by engine
and/or aerodynamic effects. In modern fighter aircraft such as the F/A-18, overall
sound pressure levels have been recorded up to 170 dB over the surface of the skin. In
the F/ A-18, cracking has occurred in the lower nacelle external skin, typically along the
boundaries of the panel. These cracks often originate from a fastener line and grow
along the boundary and then turn into the centre of the panel. In the case of the F/A-
18, cracking was due to higher than expected pressure levels caused by an
aerodynamic disturbance at the inlet lip. Initial design of this region was based on an
overall sound pressure of 160db, which was based on initial computational fluid
dynamics (CFD) work. An attempt was made to repair a panel with a boron fibre patch
however this repair did not appear to significantly reduce the crack growth. The design
of the repair was based on in-plane loads only. In this report the aim is to develop a
patch design, based on a finite element analysis, which significantly reduces crack
stress intensity factor for structures subject to intense acoustic environments. A
significant reduction in stress intensity is achieved by using a highly-damped patch
which incorporates a uni-directional boron/epoxy repair and constrained damping
layers which consists of viscoelastic material, which provides the necessary damping,
and [0/90] boron/epoxy constraining layers. Such configurations have shown that
theoretical reductions in stress intensity factors of up to 10 times are achievable. This
has the potential of reducing the mode I stress intensity factor (Ki ) to the order of K;
threshold thus substantially reducing crack growth.
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An Analytically Validated Highly Damped
Repair for Acoustically - Induced Cracking on
the F/ A-18 Nacelle Skin

Executive Summary

Acoustic fatigue is fatigue of the structure resulting from exposure to high intensity
noise caused by either propulsion, rotor or aerodynamic sources. Acoustically-induced
cracking (also termed high cycle fatigue) has occurred on the external surface of the
lower nacelle skin on the F/A-18. In these regions overall sound pressure levels
(OASPL) greater than 170 dB have been measured in flight. These high sound pressure
levels appear to be a result of an aerodynamic disturbance at the nacelle inlet lip.
Typical cracks occur on the longer side of the panel, along a line of rivets or run
parallel to the rivet line and may turn into the centre of the panel. Up to a third of the
F/A-18's in the RAAF fleet are affected by these cracks.

The standard long term fix is to incorporate additional aluminium stiffeners on the
inside to stiffen the panel. This has two effects; firstly to reduce the panels response,
i.e. lower stress, for a given load and secondly it increases the resonant frequencies of
the panel to frequencies well outside the excitation frequencies. Composite bonded
repairs can be an attractive alternative to the current mechanical fix since the
manafacture and implementation of the former takes between 15-25 hours compared to
60 hours for a mechanical repair. Attempts have been made to repair these panels with
boron/epoxy fibre patches, however the cracks have continued to grow at what
appears to be an unchanged rate. However these repairs were designed for the static
in-plane load case and neglected the high frequency out-of-plane excitation. In this
report new concepts of patch design are established in order to repair cracked
structures subjected to out-of-plane high frequency excitation. The report shows that
the addition of damping material to a bonded repair (referred to here as a highly
damped-patch) can result in sigificant reductions in crack growth rate. The study
involves the estimation of the root mean square (rms) stress intensity factor (K) in the
cracked and cracked/repaired cases. Finally it is theoretically verified that the highly-
damped patch can significantly reduce crack growth and therefore yield acceptable
crack lengths for a 6000 hour lifetime condition.
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power spectral density of the response
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root mean square of the response
thickness for aluminium

thickness for repair

displacement due to excitation pressure
mode I rms crack opening displacement
mode II rms crack opening displacement
mode III rms crack opening displacement
volume

visco-elastic material

eigenvector

frequency
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Mg structural loss factor
n, material loss factor for i th element
Vi, poisson’s ratio
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1. Introduction

Acoustic fatigue is due to a very high intensity excitation as a result of pressure waves
caused by either engine or aerodynamic effects. ~Acoustically-induced cracking has
occurred on the external surface of the lower nacelle skin on the F/A-18, as illustrated in
Fig. 1. In these regions overall sound pressure levels greater than 170 dB have been
measured in flight [1]. These high sound pressure levels appear to be a result of an
aerodynamic disturbance at the inlet lip [1]. Typical cracks occur along a line of rivets or
run parallel to the rivet line and may turn into the centre of the panel, as shown in the inset.
Cracking generally occurs along the longer side of the panel where the bending stresses due
to out-of-plane vibrations are a maximum. Up to a third of the F/A-18's in the RAAF fleet
are affected by these cracks.

Typical cracks
cracking

’

+ + + + + + + +
+ 4+ + + + + + +

N,
bt +

Figure 1 - Location of the cracking in the lower nacelle inlet.

The standard repair for such cracking is to remove and replace the panel. The standard
long term fix is to incorporate additional stiffeners on the inside to stiffen the panel. This
has two effects; firstly to reduce the panels response, i.e. lower stress for a given load and
secondly it increases the resonant frequencies of the panel to frequencies well outside the
recorded excitation frequencies.

In order to reduce the cost of repairing such cracked structures a bonded composite repair
would be preferred. The benefits of such a repair are reflected in the time required to carry
out the repair; typically 60 hours for the mechanical repair and approximately 15-25 hours
for the bonded repair. Such a bonded repair was designed, based on a standard repair
design procedure, and implemented on an existing cracked aircraft. While in the past
boron fibre/epoxy resin patches have been extremely successful, in repairing cracked
metallic secondary and primary structures [2], in this case significant crack growth occurred
after the application of the repair. This unsuccessful application of a bonded repair to a
cracked metallic structure was due to the fact that the standard design procedure [3] is
based on in-plane low cycle (quasi-static) loading condition. However for the acoustic
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environment a new design approach for bonded repairs is required, i.e. a design procedure
based on dynamic out-of-plane high-cycle loading. Work carried out by Callinan et al [4, 5]
showed that the addition of damping to a bonded repair can result in significant reductions
of crack growth. These authors showed that a low-damping patch covering the entire panel
resulted in a reduction of the mode I stress intensity factor, Kj, from 18 MPaVm, for a
cracked unrepaired panel, to 6 MPaVvm. Although this is not a high value in comparison
with the fracture toughness value, KJC, ( 23-27MPavVm) in an environment of high-cycle
fatigue it leads to a high crack growth rate. They found that by further increasing the
damping of the repaired structure, from a loss factor of 0.032 to 0.128, reduced the stress
intensity to 4 MPavm. Work carried out by Rodgers et al [6] and Liguour et al [7] also
indicates that the addition of damping can significantly reduce the crack growth rate.

This report firstly investigates the failure of the low damped boron/epoxy repair.
Secondly the report details the design of a highly-damped bonded repair, incorporating
constrained layered damping (CLD), using finite element analysis (FEA) of the structure
subject to simulated acoustic loading conditions. CLD material incorporates a layer of visco-
elastic material (VEM) with a constraining layer attached to the top of the VEM. The study
involves the estimation of the root mean square (rms) stress intensity factor (K) in the
cracked and cracked/repaired cases. Various patch design parameters, such as reinforcing
patch dimensions, thicknesses of the (viscoelastic) damping material and thickness of the
constraining layer are considered in order to maximise the effectiveness of the patch and
thus lower the stress intensity. Finally it is theoretically verified that the highly-damped
patch can significantly reduce crack growth and therefore yield acceptable crack lengths for
a 6000 hour lifetime condition.

2. Cracking History and Fractographic Analysis

As a result of the failure of the boron/epoxy repair to prevent crack growth, the particular
panel was removed from the aircraft for replacement and and assessment [8] of the fracture
surface. The inside surface of a section of the cracked panel is shown in Fig. 2, and the
missing section was that used for the examination. It was found that the crack had started
on the inner surface, and at the edge of the panel which is thicker than the chemical mill
section, and developed as a semi-elliptical surface crack, Fig. 3, until it became deep enough
to penetrate the thickness of the panel. The crack proceeded as a through crack, with crack
fronts being inclined as shown in Figs. 4 and 5 corresponding to a final crack length of
135mm. The central region of the crack just before the boron/epoxy repair was applied is
shown in Fig. 6 and indicates rubbing of the crack faces due to transverse movement. This
would correspond to a mode III crack tip driving force. However after the patch was
applied a change in crack growth mode occurred. This is seen in Figs. 4 and 5 where the
crack is bright and highly detailed in comparison to that shown in Fig. 6. After the repair
the shape of the crack front indicates that bending was involved. This is consistent with a
neutral axis offset caused by the bending of both the boron/epoxy and panel in which the
maximum stress occurred in the inner surface of the panel.



DSTO-TR-1162

RS SRR NP
MY

Figure 3.  The origin of the crack in the panel (arrowed). The remains of the semi-elliptical surface
crack can be seen just below the dotted line. This crack was located on the inside surface
of the thicker section of panel. Note the smooth rubbed character of the sutface,
indicating large relative motions between the two halves of the crack [8].
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Figure 4. View of the tip of the crack in the thick end of the panel. The fatigue crack surface is the
bright faceted region to the left and the deliberately broken surface is the mottled grey
area to the right. Note the shape of the crack, much longer along the inside surface of the
panel, indicating that a degree of bending was involved in the development of the crack.
Also note that the fatigue crack surface is bright and highly detailed, and does not

appear to have been rubbing [8].

Figure 5. View of the tip of the crack in the thinner part of the panel. The same comments as above
for Figure 4 apply [8].
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Figure 6. View of the central area of the crack, showing the presence of pronounced rubbing [8].

Both the length of the crack tip after the repair and flight hours are known for the right
hand crack tip shown in Fig. 2, and is 2 mm/flight hour. While the crack growth rate before
the repair is unknown it is thought to be considerably less than that after the repair. There
is a possibility that before the repair, the rubbing of the crack faces provided some friction
damping to the panel, this in turn led to a lower crack growth rate.

3. Analysis of Panels Subject to Acoustic Excitation

3.1 Random Response Analysis

NASTRAN [9] has been used to predict the random response of a panel (cracked or
uncracked) subject to acoustic excitation. The system response to random excitation is
evaluated via the frequency response technique viz.,

S, (@) = |H(®)]’ S; (@) (1)
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where in this case H(w)is the frequency response of a displacement u ; due to an excitation

force (pressure) p,. S, and S, are the Power Spectral Density (PSD) of the response
(displacement) and of the excitation (pressure), respectively.

This analysis allows the statistical properties of the system to be evaluated. Random
vibrations considered here involve all frequencies at any one instant in time. After
calculating the PSD, the root mean square (rms) of the response can be determined by
computing the square root of the PSD area:

1 oo
jrms= E.([S/(w) dw (2)

where the limits of the integral will be truncated as specified by the excitation spectrum. No
structural response is expected below 30 Hz and the excitation levels above 8000 Hz are
minimal.

A similar application of finite element techniques to undertake a PSD analysis to acoustic
fatigue problems has been reviewed by Climent and Casalengua [10].

3.2 FEA Methodology Validation

The complexity of the random response analysis and number of assumptions made was
such that validation of the analysis was necessary. Both experimental and analytical work
has been carried out by Byrnes [11]. In this case the plate used is that shown in Fig. 7 and
the PSD of the acoustic excitation is given in Fig. 8. Dimensions of the plate are B=500 mm,
C=166 mm and thickness=1.2 mm with a crack of length A. This plate was clamped along all
of the edges except one edge, which was partially restrained. The unrestrained region
represented a crack along one side. The length of the crack has been expressed as a ratio
A/B. Material properties of the aluminium plate are given in Table 2, with the loss factor set
to 0.0275. R.m.s. strains were measured at a point 25 mm ahead of the crack tip, the results
are reproduced in Fig. 9 along with an analytical solution also developed by Byrnes [11].

The F.E. results are also shown in Fig. 9. Only three experimental data points were
published in [11], and in each case the F.E. results are within 10%. However disagreement
does exist with the analytical solution for crack length to plate width ratios below 0.4 . It is
not clear why this difference occurs. The analytical solution is based on contributions from
the first and second mode shapes only. However, the F.E. PSD of the response includes all
the structural modes between 30-8000 Hz.



DSTO-TR-1162

% Clamped edges Crack length ratio=A/B
LLLLAS LA LLSSL S L LD LS

/ 3
7
Y 2
7 2
7 Z
7 2
2 .
/ Z
/ 4
% /
L/
; *x / p A
TV T A 7777777
B

Figure. 7: Geometry of plate used for the validation of the analysis.
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Figure. 8: Power Spectral Density of the pressure excitation used in [11].
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Figure. 9: Comparison of F.E., experimental and analytic results.

3.3 Stress Intensity Factors

In the F.E. model the depth of the plate is modelled using a single layer of 20 noded brick
elements, which allows the model to account for the bending behaviour of the skin. The
skin thickness is approximately 1 mm, hence the condition of plane stress is assumed. The
computation of the stress intensity factor may be determined directly from the crack tip
element used around the crack tip or from displacements using a crack opening (COD)
formula. The rms crack tip stress intensity factors for mode I, I and III are derived from the
standard asymptotic relations:

K ) — rms — 3
Irms 4 l ( )
Ev__ 2m
K, =-—ms [Z* 4
Illrms 4 l ( )
2
KIIIrms = Gwrms 7 (5)
where
E = Young's modulus,
G = Shear modulus

urms =mode I crack opening rms displacement (i.e. displacement out-of-plane of crack )

Urms = mode II crack opening rms displacement (i.e. displacement in-plane, parallel to
plane of crack )

Wrms = mode III crack opening rms displacement (i.e. displacement in-plane, transverse to
plane of crack )

l = length of the crack tip element



DSTO-TR-1162

3.4 Power Spectral Density of the Excitation

One third octave sound pressure level (SPL) measurements [1], have been made in flight
using microphones located at the nacelle inlet area, and are shown in Fig. 10 with increasing
frequency. The spectrum level, relative to the overall sound pressure level (OASPL) of
170dB, was derived from these data and is also shown in Fig. 10. This spectrum is now used
to calculate S, .

/j/n\u

10 /U/n T
g o
=5 D7 —n—1/3 octave band SPL (relative to OASPL)
g % ] —=—Spectrum level (relative to OASPL)
g o) . Approximation to spectrum level using 3 points
n i | PE— 1
gg 1T
== 1
S
BE
3
b

-50 T T

100 1000
Frequency (H2)

Figure 10. Spectrum and one-third octave band levels of sound pressure over nacelle
inlet.(OASPL=170dB)
The relationship between the SPL and the r.m.s. fluctuating pressure (p) is given in [6] as:
p — 10(SPL/20—4.69897) (6)
and the power spectral density of acoustic pressure, i.e. PSD of the excitation, at any given
frequency is given by:
PSD = p 2 — IO(SPL/10—9.3979) (7)

The curve in Fig. 10 has been approximated by two straight lines defined by the three points
shown in Table 2. This approximate spectrum is used as the excitation PSD.

Table 1: Input power spectral density

Frequency (Hz) | Pressure spectrum PSD
level (dB) (MPa)/Hz
31.5 140 4.0 x10-8
1000 137 2.005x108
8000 124.1 1.028x10-?
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Figure 11. Location of strain gauges on right hand nacelle panel [1].

3.5 Strain Gauge Data

Strain gauge flight data have been obtained for the F/A-18, [1], using single gauges on the
edge of the panel and a strain gauge rosette shown in Fig. 11. Specifically these locations
correspond to regions of high strain. A finite element model representing the double
curvature of the skin panel was developed cotresponding to the outline shown in Fig. 11.
This model was calibrated by adjusting the curvature such that very close results were
obtained for the first three mode shapes and frequencies. The power spectral density
defined in Table 1 was used as the excitation condition in this case.

The rms strain results shown in Fig. 12 represent a traverse on the outside skin from point A
to B, while in Fig. 13 the results correspond to a traverse from point C to D. The high strain
gradients at the edge of the panel are due to the step change in panel thickness due to
chemical milling. As such it is difficult to assess the accuracy of these results except that the
F.E. analysis appears to be conservative. The complexity of this F.E. model was such that to
carry out parametric analysis was very time consuming and as a result flat panel models
were considered instead.
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Figure 12. Strain distribution along line from points A to B, see Figure 11.
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Figure 13. Strain distribution along line from points C to D, see Figure 11.
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4. Cracked Panels - Unrepaired and Repaired Using
Existing Techniques (C5033)

The work carried out in this section is based on [4] and shows the expected performance of
a low damped patch designed to RAAF Engineering Standard C5033, [3]. This section
evaluates the stress intensity factors for the unpatched and the patched configuration.

4.1 FEA of Cracked Nacelle Inlet

In order to study the cracking mechanisms of the cracked and cracked/repaired nacelle
skin cases, a simplified model has been developed in which the skin is considered to be a
flat rectangle. However, to take account of all shear deformation the structure has been
idealised as a fully three-dimensional structure using 20 noded brick elements. The
geometry of the structure is shown in Fig. 14. The mesh size of the skin structure is 75x60
elements, while the patch and skin is 40x40 elements. As shown, the uni-directional patch
only extends partially across the panel. It also covers an adjacent panel as shown in the
dotted outline. Sufficient elements have been used to define the minimum crack length
considered. Material properties for the skin, adhesive and boron are shown in Table 2. The
Young’s modulus of the composite in the ° fibre direction is E; , and E; in the transverse
direction. The main reason that 20 noded bricks were used in the skin is that calculations for
K can be made corresponding to a bending field. Also, the behaviour of the adhesive has
been modelled as a 3 dimensional element, to allow for shear deformation. A loss factor of
0.016 has been used [1].

T <

252mm g

w Skin t=1.143mm
b——120mm ——¥ Adhesive t=.254mm

I 00 fibre direction

195mm
L
137mm

Boron t=.635mm
2a=50mm
> > Jr

2a=196mm

Short crack Long crack

Figure 14: Dimensions of simplified F/A-18 nacelle inlet panel, with crack and patch.

12
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The boundary conditions for this model are considered to be fully clamped except for the
crack region which is not restrained. The patch above the crack also remains fully
constrained. Clearly crack closure will occur at an increasing distance away from the crack
tip, however the complexity in introducing such constraints has not been included in this
preliminary study. The crack is initially 50mm long with it's centre located within the patch.
A number of crack lengths have been considered to simulate the crack growth. The crack is
assumed to grow symmetrically until the left hand crack tip extends to the edge of the
patch. At this point no more crack growth occurs due to the proximity of the panel
boundary. The only growth that occurs is at the right hand crack tip. In this study the

maximum crack length considered is 196mm.

Table 2- Material properties used in the FEA.

Crack length 2a (mm)

4.2 Crack Growth Study

Figure 15. Frequency versus crack length for un-repaired and repaired cases.

Material Young's modulus Ratio of Poisson's Shear Density
(MPa) Young's ratio modulus (x10°
modulus Vp) (MPa) Mg/mm®)
(E/E;)
Aluminium 71000. 1. 0.33 26691. 2.77
Adhesive 2273. 1. 0.35 842. 1.2
Boron 207000. 10.89 0.21 4800. 2.0
VEM (20°C) 5700. 1. 0.30 2192. 1.75
——o—un-repaired mode 1
—o—un-repaired mode 2
900 1 —o—un-repaired mode 3
—a—repaired mode 1
800'_ —e—repaired mode 2
700 - —a—repaired mode 3
600 _. 4 A\\
N A
I
500 +
g‘ “\o\o\
g 400 d * ® °
8 1 ° ° °\;\°\o
Lie. 300' - \g .
200 o & b——0o—
TTT———
100 4
0 T T T T T T T T T T v T
40 60 80 W ©0 ¥ B0 B0 200

Shown in Fig. 15 are the natural frequencies versus crack length for the cracked un-

repaired panel and also the cracked repaired panel for the first 3 resonant modes. In the
case of the cracked un-repaired structure, increasing the crack length significantly reduces

13
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the resonant frequencies of the panel. Also as expected, repaired panels have little variation
in natural frequencies with crack length. Furthermore, the repaired panels have
substantially higher natural frequencies for all modes than the un-repaired panels. The
boron repair has a definite influence on the panel stiffness.

Mode 1, 280.3 Hz Mode 2, 4149 Hz

Mode 3, 626.5 Hz

Mode 5,817.0 Hz Mode 6,1021.1 Hz
Figure 16. Mode shapes for the repaired panel containing a short crack (2a = 50mm).

Mode shapes have been computed corresponding to a short and long crack length for the
repaired panel. The first 6 mode shapes for a repaired panel containing a short, 50 mm
crack, are shown in Fig. 16. Clearly the mode shapes in Fig. 16 indicate that the crack tip
behaviour is dominated by the mode I stress intensity factor K. This is shown by the
bending in the region of the crack. Fig. 17 shows the mode shapes of a repaired panel where
the long, 196 mm, crack now extends outside the patch (see Fig. 14). These mode shapes
indicate that the unsupported crack tip behaviour will now have significant contributions
from mode III stress intensity factor, K, .

The rms mode I stress intensity factor (K,),,,; for the cracked un-repaired panel is shown in

Fig. 18a. As expected, the general response is an increase of (K, ),,,, with crack length. The
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left hand crack tip is always closer to the clamped edge of the panel than the right hand
crack tip, and since the bending stresses are a maximum midway along the boundary, the

right hand tip gives the highest value of (X)),,,. The values of (X,),,, in relation to the
fracture toughness, are significant and explain crack growth. For crack growth, threshold
values of (K,)

In the repaired panel the neutral axis is offset and as a result (X)), is evaluated at both

inner and outer surfaces of the skin; the repair being applied to the outer surface. Being a
one sided repair the repair is more effective on the outer surface which is more closely
restrained [6]. These bending effects are clearly shown in Fig. 18b. The right hand crack
results in the highest values for (K,),, located on the inner surface. These values of

are shown in Fig. 31.

rms

(K,),,, are significantly high before the crack grows out from under the patch and explain

continued crack growth. For a normal 'static' repair in which the only significant events are
manoeuvre and gust loads, the repair would be successful. However, in the acoustic
excitation environment, the resonant frequency of the actual nacelle panel is of the order of
300-400Hz thus causing the repair to be ineffective.

Mode 1, 255.1 Hz Mode 2, 400.2 Hz

wpﬂ“
}i“:‘g“&\,@a\i)«
=

)
SRR
SRS

Mode 3, 554.4 Hz ' Mode 4, 674.3 Hz

Mode 5, 757.1 Hz Mode 6, 883.3 Hz
Figure 17. Mode shapes for the repaired panel containing a long crack (2a = 196mm).
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Figure 18 (a) Stress intensity factor (K ), in un-repaired panel for left and right hand crack tips
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Figure 18 (b) Stress intensity factor (K),,, in repaired panel. (Note the change in scale.) The rms
mode II stress intensity factor, (K),,, for the cracked un-repaired panel is shown in Fig.
19a. Little through thickness variation of (K ),,, has been found, hence values are only
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presented for each crack tip. Numerical values are similar to (K ),,, and the existence of

(K,),, explains the tendency of long cracks to turn into the centre of the panel. For the
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case of the repaired panel shown in Fig. 19b, (K, ),,, has been substantially reduced.
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Figure 19 (a) Stress intensity factor (K ), for un-repaired panel.
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Figure 19 (b) Stress intensity factor (K;),,, for repaired panel.(note the change in scale).
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Figure 20 (a) Stress intensity factor (K, ),,, for un-repaired panel.

rms

The rms of mode III stress intensity factor (K, ),,, for the cracked un-repaired panel is

rms

shown in Fig. 20a. The values of (K ,),,,, increase significantly with crack length for both
left and right hand crack tips, and the numerical value of (K,),,, is greater than (X,),, .

Clearly (X,;),,, will contribute significantly to crack growth. In the case of the repaired

panel, shown in Fig. 20b, the values of (K,),,,, for a crack tip under the patch are low, but

not zero. However, once the crack grows outside the patch (i.e. for crack lengths > 120 mm)
(K ;) s increases significantly.
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Figure 20 (b) Stress intensity factor (K ;),,, for repaired panel.(note the change in scale).
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Figure 21(a) PSD of displacement ( ¢ (K ,),,,, ) and running integral of the PSD for repaired panel
of crack length 2a=50 mm.
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Figure 21(b) PSD of displacement (& (K,),,,) and running integral of the PSD for repaired panel
of crack length 2a=196 mm.
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panel with crack length 2a=196 mm.
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Fig. 21 shows PSD of the displacement response u and w behind the right hand crack tip for
various cracked repaired/un-repaired scenarios. Equs 3-5 imply that the u and w response

are proportional to the (X,),, and (K,),, responses respectively. Therefore the PSD
shown in Fig. 21 indicate the relative response of K with increasing frequency. Fig. 21 (a)-(c)
shows the (K,),,, frequency response for repaired and un-repaired panels containing
cracks of various lengths. Fig. 21 (d) & (e) show the (K,,)
repaired and un-repaired panels for a crack length of 196mm, respectively.

frequency response for

rms

Fig. 21(a) shows the PSD for the case of a repaired panel with 2a=50 mm. In this case each
peak will correspond to the resonant frequencies illustrated in Fig. 16. For example the
fundamental resonant mode occurs at a frequency of 280 Hz in Fig. 16 which corresponds to
the maximum response in Fig. 21(a). Absence peaks at certain resonances, eg Mode 2 at
414.5 Hz, indicates that the crack tip is located at or near the nodal line of the corresponding
mode shape. A running integral of the PSD response will indicate the relative contribution
of each of the modes to the overall K,»s and is also shown in Fig. 21. Fig. 21(a) shows that
98% of the overall (X, ),,, is due to the first mode corresponding to the repaired panel of

cracklength 2a = 50mm.

In the case of the repaired panel containing a long crack of 196 mm the response for
(K}),ns is shown in Fig. 21(b). It is evident from the running integral that mode 1 makes the

major contribution to the overall (X,) response followed by modes 4 and 5. However

the response for (K, ),,, shown in Fig. 21(d), clearly shows that mode 6 makes the major
contribution to the overall (K ;),,, response at a frequency of 883 Hz, followed by mode 1.
and (Klll)rms is

shown in Figs. 21(c) and 21(e), respectively. In these cases once again mode 1 makes the
major contribution to these parameters.

In the case of long cracks in the un-repaired panel, the response for (K,)

rms

4.3 Summary of Repair Failure Investigation

The fractographic anaylsis indicates that before the panel was repaired the mode III stress
intensity provided the crack tip driving force. However after the repair, transverse bending
of the panel resulted in a mode I stress intensity factor at the skin surface providing 98% of
the crack tip driving force. Interestingly, the crack growth after the repair was significantly
higher than before the repair. It is possible that the rubbing of the crack faces provided
friction damping to the system, which did not occur under mode I. The analysis carried out
has simulated and characterised the growth of the crack in both the cracked unrepaired and
cracked repaired panel. It was found that a relatively high stress intensity factor still
existed on the inner surface of the right hand crack tip after the repair was applied. This
value was 12MPaVm compared to a value of 35MPaVm for the unrepaired panel. For an
aircraft component subjected to manoeuvre and gust loads this reduction in stress intensity
factor would have been adequate, however crack growth corresponding to a fundamental
frequency of 300Hz will be significant.
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5. Highly Damped Repairs for Cracked Panels

The work carried out in this section is based on [5]. It is evident from the previous section
that a change in direction is necessary to design an effective long term solution for bonded
composite repair systems subject to acoustic loading conditions.

5.1 Design of Highly Damped Patch

The cracking surveys undertaken by Rodgers et al [3] indicates that typical crack lengths,
before repair, are 100 mm long and occur in a skin thickness of approximately 1 mm. The
repair must restore the stiffness of the structure, with an equivalent amount of composite
material, and also reduce the dynamic stress levels using high damping (VEM).

Since the repairs are on the external surface there is a requirement to preserve
aerodynamic smoothness. Therefore patch development is undertaken with the restriction
that the patch must be tapered and the thickness must not exceed approximately 3 mm
(1/8”). Rogers et al [6] considered this to be an adequate thickness since such an intrusion
would not be significant with respect to the boundary layer thickness expected at that
location. In addition the possible crack growth for a 6000 hour lifetime must be considered.

The process of designing a highly-damped patch is illustrated by the flow chart shown in
Fig 22. The analysis begins with the definition of geometry, boundary conditions and
appropriate material loss factors for the F.E. model of the cracked structure. The model is
also subject to the input pressure PSD. Also incorporated within the model is the repair
configuration to restore structural integrity. After the F.E. analysis is carried out, the rms
stresses, strains, displacements and stress intensities must be considered. From crack
growth data the likely crack size after 6000 hours in-service can be estimated. If the crack
growth exceeds the limit required at 6000 hours then a new (damping) material and
geometric configurations must be considered. Clearly the damping material must be
capable of achieving the assumed loss factor under the expected operating temperatures.
That is, a reasonable estimate of the operating temperature is required since the material
loss factor of the VEM is highly dependent on the operating temperature. Therefore
accurate crack growth predictions will depend on accurate measurements of (i) load and
strain levels, and resonant frequencies (needed to calibrate the F.E. model), (ii) operating
temperature and VEM data and (iii) crack growth data (generated under high frequency
bending conditions). The flow chart illustrates the systematic procedure used for changing
the configuration until an acceptable design is achieved.

5.2 Damping of Highly Damped Patch

One of the most effective mechanisms to substantially reduce the dynamic stress level in the
repaired structure is to increase the damping performance of the repair and, therefore, of
the repaired structure. Callinan et al [4,5], Rogers et al [6] and Liguour et al [7] reported on
the use of a highly-damped composite patch (or ‘Durability Patch’) to prevent the further
growth of costly ‘nuisance’ cracks. This is a passive damping technique aimed at reducing
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high-cycle fatigue. Rogers et al [6] noted that this type of application was rarely used for
high-cycle fatigue because the necessary design information such as temperatures, resonant
frequencies, and strain levels were difficult to obtain. They further reported that aircraft
structures are often susceptible to resonant high-cycle fatigue due to the low intrinsic
damping of the material since rms stress levels are highly dependant on modal damping.
Thus in order to increase damping the authors considered the use of constrained layer
damping which increases the structural damping of the repaired structure and will assist in
stopping or substantially reducing acoustically-induced crack growth in the panel.

geometry Loading conditions Material crack growth
. " Incorporate B/E repair
boundary conditions (acoustic frequency to restore stiffness data
loss factor and pressure levels) (da/dN v K)
y
Predict rms

Does predicted K
achieve
acceptable crack
growth after 6000

L p stresses, strains, IS
displacements,
stress intensities

Finite element model yosh| Repair design

acceptable

no

Increase patch damping
by
(1) incr. tvem** &/or
yes—P {2) incr. stiff. constr. layer

Incorporate damping

Has damping

(say incorporate CLD*
[¢no been applied?

with
tvem** =1 mm &
[0,90] constr. fayer}

(Require total patch
thickness < 3 mm)

Operating
temperature

;

Calculate new
loss factor

* CLD - Constrained layered damping
** tvem - viscoelastic material thickness (select VEM with highest loss factor at required operating temperature)

Figure 22. Flow chart for designing highly-damped repairs for acoustically-induced cracked skins.

There are numerous case studies, noted by Soovere & Drake [12], of the use of damping in
the aeronautical scene to alleviate problems associated with resonant vibrations. In this
section the modal loss factor of a reinforced panel is calculated for various bonded doubler
reinforcement geometries, add-on damping treatment geometries and constraining layer
effective stiffnesses. This damping study is undertaken on a panel similar to that shown in
Fig. 14 except that no crack is present and the reinforcement now has its centreline (i.e. the
centre of the W dimension) aligned with the centreline of the long dimension of the panel.
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Initially an investigation into the effect of reinforcement geometry on modal loss factor is
undertaken. In this case a 250 mm long by 166 mm wide by 1.2 mm thick aluminium panel,
fixed on all four sides, is modelled. The entire aluminium panel is treated with a layer of
constrained layer damping. Typical ‘off-the-shelf’ constrained layer damping treatments are
0.5 to 2 mm thick with a 0.125 mm thick constraining layer of aluminium. Material
properties for the damping (VEM) material, aluminium alloy and boron/epoxy are given in
Table 2. The material loss factor for the viscoelastic material is taken as 1.0 and the
constraining layer is an aluminium sheet 0.125 mm thick. The panel is reinforced with a
unidirectional boron/epoxy laminate with fibres aligned in the y-direction, see Fig. 14. The
thickness of this reinforcement is determined such that the stiffness of the reinforcement
and the aluminium plate are matched, i.e. using equation (8):

E ty=ELd, ®)

These studies were conducted with a reinforcement of constant length (L) of 75 mm and
varying widths (W) of 50 mm, 100 mm and 125 mm. The effects of these different size
reinforcements on the structural loss factor of the panel are determined and are given in
Table 3. It must be pointed out at this stage that the damping properties of the boron/epoxy
laminate are not included in the analysis. Therefore, the actual structural damping is
expected to be higher than that predicted in this study, hence, the results from this study
are conservative. The modal loss factor is calculated from the finite element analysis by
assuming that, given the material damping, the modal structural loss factor [17] can be
calculated by:

ns = Zniei /e )

i=ln
where 1) is the structural loss factor and 7], is the material loss factor of the i th element.
The modal energy, e, is calculated with equation (10):

e= J' 5[k Jsav (10)

Where 6 is the eigenvector and the stiffness matrix is denoted by [K]. Equation (9) is
implemented as a post-processing option in our finite element analysis package and was
first validated prior to its use.

The results in Table 3 show that the size of the unidirectional boron/epoxy reinforcement
has a small effect on the structural damping. However, [13] observed that when the
reinforcement was made from aluminium changing the size of the reinforcement caused a
large change in the modal loss factor. For example, when the size of the boron/epoxy
reinforcement is increased from 75 mm by 50 mm to 75 mm by 125 mm, there is only a 5 %
reduction in the modal loss factor for mode 1 compared to an 11 % reduction for the
aluminium reinforcement.
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Table 4 shows the results for modal loss factors when only the boron/epoxy patch is treated
with constrained layer damping. This table shows that the structural damping derived with
this scheme of damping treatment is not very effective. These results therefore confirm that
damping treatment should be applied to the entire panel for more effective damping of the
structure.

The investigation is extended to a panel with dimensions shown in Fig. 14 without the
crack and with the reinforcement centred as described above. In this analysis only one patch
size is considered, viz. 77 mm long by 125 mm wide, but the VEM thickness, tygy, is varied
from 0.5 mm to 2.0 mm. The constraining layer is now boron/epoxy and two laminates are
modelled, viz. a 2 ply [0/90] laminate and a 4 ply [0/90]sym laminate.

Table 3 - Loss factor of aluminium panel (with no crack) reinforced with unidirectional boron/epoxy
with a 1 mm thick damping treatment and 0.125 mm thick aluminium constraining
layer applied to whole panel.

Mode | Damped natural Loss factor Specimen description
frequency (Hz)

1 290 0.139 Patch dimensions are
2 460 0.113 75 mm (L) x 50 mm (W)
3 769 0.081
1 288 0.135 Patch dimensions are
2 441 0.118 75 mm (L) x 100 mm (W)
3 723 0.093
1 289 0.132 Patch dimensions are
2 442 0.116 75 mm (L) x 125 mm (W)
3 732 0.085

The predicted results are given in Table 5. Table 5 shows a significant increase in modal
loss factor as the VEM thickness is increased. For mode 1 an increase of 32 % and 90 % is
observed when the VEM thickness is increased from 0.5 mm to 1.0 mm and 0.5 mm to 2
mm, respectively. With the increase in thickness of the VEM there is also a corresponding
drop in damped natural frequency which is mainly due to the increase in mass. Also
increasing the effective stiffness of the constraining layer substantially improved the modal
loss factor of the panel. For the 1.0 mm thick VEM case the loss factor, for the first resonant
mode, increased by 34 % when the effective stiffness of constraining layer is increased by
substituting the [0/90] laminate with a [0/90]sym laminate. The increase in loss factor is less
pronounced for the 2.0 mm thick VEM case where an increase in 18% was observed when
the constraining layer thickness is increased from 2 to 4 plies.
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Table 4 - Loss factor of aluminium panel (with no crack) reinforced with unidirectional boron/epoxy
with a 1 mm thick damping treatment and 0.125 mm thick aluminium constraining
layer applied to the reinforcement only.

Mode Damped natural Loss factor Specimen description
frequency (Hz)

1 324 0.03 Patch dimensions are
2 543 0.011 75 mm (L) x 50 mm (W)
3 852 0.022
1 316 0.049 Patch dimensions are
2 501 0.03 75 mm (L) x 100 mm (W)
3 833 0.036
1 315 0.053 Patch dimensions are
2 492 0.036 75 mm (L) x 125 mm (W)
3 830 0.036

Table 5 - Loss factor of aluminium panel (with no crack) reinforced with a unidirectional
boron/epoxy patch of dimensions 77 mm (L) x 125 mm (W) with the constrained layer
damping treatment applied to whole panel.

Mode Damped natural Loss factor Specimen description
frequency (Hz)
1 258 0.122
2 449 0.106 tyem = 0.5mm
3 641 0.078 [0/90] boron/epoxy constraining layer
1 240 0.161
2 411 0.132 tyem = 1.0 mm
3 597 0.091 [0/90] boron/epoxy constraining layer
1 217 0.232
2 368 0.178 tyem = 2.0 mm
3 528 0.126 [0/90] boron/epoxy constraining layer
1 245 0216
2 423 0.163 tyem = 1.0 mm
3 585 0.122 [0/90:,m] boron/epoxy constraining layer
1 222 0.274
2 378 0.203 tyem = 2.0 mm
3 528 0.100 [0/90,,,] boron/epoxy constraining layer

Overall this theoretical study has shown that the modal loss factor of the reinforced panel
can be significantly improved by incorporating constrained layered damping. Further
improvements can be achieved by increasing (i) the thickness of the VEM and (ii) the
effective stiffness of the constraining layer. The values of modal loss factor of panels
incorporating highly-damped patches, tabulated in Table 5, are used in the next section as
inputs for the FE models of repaired cracked panels.

5.3 Results for Unrepaired Cracked Plate
Previously we have established that in section 3 the stress intensity in the cracked

(unrepaired) plate is as shown in Fig. 18. Specifically the most relevant data is that given in
Fig. 18a. Here the right hand crack tip refers to the crack tip located midway along the plate
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shown in Fig. 14. The higher stress intensity for the right hand crack tip is due to the larger
dynamic bending stresses that occur midway along the panel. For a crack length of 80 mm,
K] =15 MPaVm. Although this is not a high value in comparison with the fracture
toughness value, K|, in an environment of high-cycle fatigue it leads to a high crack
growth rate.

5.4 Analysis of Highly Damped Repair to a Cracked Plate

The F.E. analysis is carried out as previously done in section 4.1. The behaviour of the
plate, adhesive and viscoelastic damping materials are modelled as a 3 dimensional
element, to allow for shear deformation. The boron/epoxy patch and boron/epoxy
constraining layer are sufficiently thin such that 2D shell elements are an adequate
representation.

The geometry of the structure is shown in Fig. 14. The mesh size of the skin and
viscoelastic structure is 75x60 elements. As shown, the unidirectional boron/epoxy
reinforcing patch only extends partially across the panel. It also covers an adjacent panel as
shown in the dotted outline. The boron/epoxy repair has length, L, and width, W. In this
section the length is fixed at 77 mm, however three widths are considered, viz. 80 mm, 99
mm and 126 mm. The entire panel is covered with the CLD material. Material properties for
the skin, adhesive, damping material and boron are shown in Table 3.

The boundary conditions for this model are considered to be fully clamped except for the
crack region which is not restrained. The patch above the crack also remains fully
constrained. Clearly crack closure will occur at an increasing distance away from the crack
tip, however the complexity in introducing such constraints is not included in this
preliminary study.

5.5 Results and Discussion

Table 6 - Frequencies for original uncracked unrepaired plate.

Mode Resonant
frequency (Hz)
1 218
2 374
3 506

Table 7 - Resonant frequencies for various patch widths (W) and thicknesses of damping material
with [0/90] boronfepoxy constraining layer. (* a/b refers to values of tyemy/W in mm.)

Case Case Case Case
1.0/80* | 1.0/126*| 2.0/80* | 2.0/126*
Mode Resonant frequency (Hz)
1 208 216 193 200

2 335 341 308 319
3 442 461 403 417
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5.5.1 Modal shapes and frequencies

One of the main concerns regarding a particular repair is the change of frequency of the
plate since a stiffer structure may change the load path. The first three frequencies of the
original uncracked unrepaired plate are shown in Table 6. For a highly-damped patch
consisting of a 1.0 mm thick damping layer with a [0/90] boron/epoxy constraining layer
the variation of resonant frequencies with increasing patch width (W) is shown in Table 7.
The reinforcing patch length (L) is 77 mm. In all cases the addition of the highly-damped
patch configuration resulted in a reduction of frequency. The resonant frequency increases
by 5 %, 10 % and 13 % for vibration modes 1, 2 and 3, respectively, when the patch width
increased from 80 to 126 mm. The first three modes are shown in Figs. 23, 24 and 25. The
resonant frequencies for a 2.0 mm thick damping layer with a [0/90] boron/epoxy
constraining layer for various patch widths (W) are shown in Table 7

X
Figure 23. Mode shape for mode 1 (211 Hz).

Figure 24. Mode shape for mode 2 (335 Hz).
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Figure 25. Mode shape for mode3 (458 Hz).
5.5.2 PSD of the displacement

Since the area under the displacement PSD curve is the mean square displacement
response, then a running integral of the displacement PSD illustrates the contribution of
each vibration mode to the overall displacement response, as shown in Fig. 26. Since the
stress intensity is proportional to the crack opening displacement, then a running integral of
the displacement response will indicate the contribution of each vibration mode to the
overall stress intensity. Fig. 26 shows the PSD displacement response at the right hand
(inner side) crack for the case of a 1.0 mm thick damping layer with [0/90] boron/epoxy
constraining layer and a 80 mm wide by 77 mm long boron/epoxy patch. Fig. 26 shows
that vibration mode 1 contributes up to 99% of the overall stress intensity.
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Figure 26. PSD of displacement ( & (K),,,, ) and running integral of the PSD for a panel with a

1.0 mm thick damping layer with [0/90] boron/epoxy constraining layer and a 80 mm
wide by 77 mm long boron/epoxy reinforcement.
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5.5.3 Stress intensity factor

Stress intensity factors are computed at the inside and outer surfaces of the skin. Since the
repair results in a neutral axis shift the maximum values exist at the inner surface. The most
critical crack tip position is the tip located midway down the longest side of the panel, as
shown in Fig. 14. The maximum values have been plotted in Figs. 27, 28, 29 and 30. Various
highly-damped patch configurations, involving 0.5, 1.0 and 2.0 mm thick damping VEM,
are considered. In all cases the highly-damped patch has a boron/epoxy
reinforcement/repair with dimensions 77 mm long and varying widths of 80 mm, 99 mm
and 126 mm. Over the range of damping thickness considered the configuration that give
the lowest values of (K,),,, is for the 77 mm long by 126 mm wide reinforcement/repair

with the 1.0 mm thick VEM and [0/90] constraining layer case. Also, the 0.5 mm thick VEM
with [0/90] constraining layer case gave similar stress intensities as shown in Fig. 28.

Although no crack growth data corresponding to (K;),,, or (K;;),, stress intensities

are available, the numerical values of (K,),,, are lower than those for (X,),,., as shown in

rms

Fig. 29. Also, the numerical values for (K,),,,, as shown in Fig. 30, are numerically

comparable to (K, ),,, - All of the damped repairs are equally effective in reducing (K ), ,
and show a considerable reduction in comparison to the low damped design. Also the
results for (K,;),, show that all the configurations, except the 0.5 mm, [0/90]
configuration, gave equally low values of (K,),,,. Overall, comparisons with the low

damped patch, i.e. a repair with no CLD included, have shown the highly-damped patch to
be very effective. The best overall results appear to be for the 1.0 mm [0,90] configuration.
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Figure 27. Stress intensity factor, (K,),,,, for various highly-damped and low damped patch
configurations.

5.5.4 Crack growth predictions

The crack growth data shown in Fig. 31 is for 7075-T6 corresponding to long crack growth
data for panels tested in uniaxial tension [14]. As a result of the neutral axis offset the curve
of R = 0 most closely represents the crack growth curve. While these data are for low
frequency loading conditions, evidence exists that high frequency testing results in slightly
lower crack growth rates, [15,16]. In our case high frequency bending is involved, therefore
taking crack growth rates from Fig. 31 will lead to conservative estimates of crack length.
The curve in Fig. 31 has been extrapolated to determine the approximate crack growth rate
for cases less than 10™ mm/cycle. Using these data insignificant crack growth has been
calculated, after the 6000 hrs, for all the highly-damped patch configurations considered.
Crack growth data for 4% Cu-Al alloy subjected to high frequency bending, given in
reference [16], also indicates negligible crack growth for all the highly-damped patch
configurations considered. Although no crack growth data corresponding to Ky or Ky stress
intensities are available the Ky results shown in Fig. 30 indicate possible crack growth for
the 0.5 mm [0,90] configuration. Note that the above results are highly dependent on the
material loss factors used in the modelling. This loss factor is also dependent on the
operating temperature. Therefore in order to design an effective highly damped repair
knowlegde of the temperature condition when the high SPL are generated is required.
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6. Conclusions

An investigation into the failure of a boron/epoxy repair of an aluminium panel subject to
acoustic fatigue has revealed that after the repair sufficiently high stress intensities existed
to promote crack growth. A fractographic analysis has revealed that the cracks in the panel
initiated at a single site on the inside surface of the thicker section. Furthermore the
application of a boron/epoxy repair changed the crack growth mode from mode III to
mode I. The rubbing of the crack faces under mode III would be expected to result in some
damping, and this may explain the lower crack growth rate before the repair.

A methodology is proposed to enable the design of highly-damped patches for cracked
structures subject to intense acoustic loading. The highly-damped patch incorporates a
boron/epoxy reinforcement/repair, to restore structural strength, as well as a constrained
damping layer in order to enhance damping and thus reduce dynamic stresses. The
proposed highly-damped patches reduce the response at resonance of the patched panel
compared to the unrepaired cracked panel. A study investigating the effects of various
reinforcement dimensions, VEM thicknesses and constraining layer configurations on the
modal loss factor of the plate has also being undertaken. It was found that for the various
reinforcements studied, no significant variation in loss factor was observed. However
significant increases in loss factor are observed with increasing VEM thickness and
constraining layer effective stiffness. The inclusion of damping in the repair enables the
stress intensity factor to be substantially reduced. Predictions of K; indicates that no crack
growth is expected for all the highly-damped patched configurations considered.
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